ABSTRACT DDX4 (VASA) is an RNA helicase expressed in the germ cells of all animals. To gain greater insight into the role of this gene in mammalian germ cell development, we characterized DDX4 in both a marsupial (the tammar wallaby) and a monotreme (the platypus). DDX4 is highly conserved between eutherian, marsupial, and monotreme mammals. DDX4 protein is absent from tammar fetal germ cells but is present from Day 1 postpartum in both sexes. The distribution of DDX4 protein during oogenesis and spermatogenesis in the tammar is similar to eutherians. Female tammar germ cells contain DDX4 protein throughout all stages of postnatal oogenesis. In males, DDX4 is in gonocytes, and during spermatogenesis it is present in spermatocytes and round spermatids. A similar distribution of DDX4 occurs in the platypus during spermatogenesis. There are several DDX4 isoforms in the tammar, resulting from both preand posttranslational modifications. DDX4 in marsupials and monotremes has multiple splice variants and polyadenylation motifs. Using in silico analyses of genomic databases, we found that these previously unreported splice variants also occur in eutherians. In addition, several elements implicated in the control of Ddx4 expression in the mouse, including RGG (arginine-glycine-glycine) and dimethylation of arginine motifs and CpG islands within the Ddx4 promoter, are also highly conserved. Collectively these data suggest that DDX4 is essential for the regulation of germ cell proliferation and differentiation across all three extant mammalian groups-eutherians, marsupials, and monotremes.
INTRODUCTION
DDX4 (DEAD [Asp-Glu-Ala-Asp] box polypeptide 4), also known as VASA, is a highly conserved component of the germ plasm. Vasa was originally identified in Drosophila as a maternal effect gene required for the formation of abdominal segments and germ cell specification [1] . Since then, it has been identified in the germ cells of a large number of animal taxa, including sponges, cnidarians, flatworms, annelids, nematodes, echinoderms, tunicates, mollusks, insects, crustaceans, fish, amphibians, reptiles, birds, and mammals [2] and is the most widely used marker of the germ cell lineage [3] .
DDX4 is an ATP-dependent RNA helicase belonging to the DEAD box protein family [4] . DEAD box proteins are characterized by nine conserved sequence motifs situated within two functional domains. Domain I (DEADc) contains six of these motifs, including the Q motif and the Walker A motif (both of which are required for ATP and RNA binding), motifs Ia and Ib (which, together with motifs IV and V, are responsible for RNA binding), the Walker B motif (important for ATP binding), and motif III, which may act to link ATPase and helicase activities of the protein. Domain II (HELICc) contains motifs IV, V, and VI, which coordinate ATPase and unwinding activities as well as ATPase and RNA binding [5, 6] .
There are two main modes of germ cell specification: determinative (preformation) and regulative. Regulative germ cell specification occurs in eutherian mammals and urodele amphibians. During regulative specification, germ cell fate is specified during gastrulation under the influence of signals from surrounding cell populations. In contrast, in animals with determinative germ cell specification (including insects, nematodes, anurans, and birds), germ cell fate is determined by the inheritance of germ plasm, a discrete component of cytoplasm, rather than by cell signaling. In these species, ddx4 is localized within the germ plasm and can be used to trace the germ cell lineage from the time of its first appearance (often from the first few cleavage divisions) through to adulthood [3] .
The role of DDX4 in germ cell development appears to vary among phyla. When vasa is knocked out in Drosophila, females lack germ cells [1, 7] , but males appear normal. Knockdown of the DDX4 homologue glh in Caenorhabditis elegans by RNA interference results in a dramatic loss of germ cells in offspring [8, 9] . In the oyster Crassostrea gigas [10] , crustacean Parhyale hawaiensis [11] , medaka Oryzias latipes [12] , and Xenopus laevis [13] , knockdown of vasa by RNA interference, morpholino-mediated inhibition, or the use of anti-vasa antibodies, respectively, does not affect germ cell formation but does affect later stages of germ cell development, including progression of meiosis (oyster), proliferation, and germ cell maintenance (Xenopus and P. hawaiensis) or migration (medaka). In contrast, in the platyhelminth Macrostomum lignano [14] and the zebrafish Danio rerio [15] , loss of Ddx4 has no apparent effect on germ cell formation or development. When Ddx4 is knocked out in mice, germ cell development is normal in homozygous null females (which remain fertile), but males are sterile because of a failure of their germ cells to progress from leptotene to zygotene of meiotic prophase I, and the cells undergo apoptosis instead [16] . Interestingly, this sex-specific effect is the opposite of that observed in Drosophila. This indicates that although 1 Supported by an Australian Research Council Discovery Grant (DP110103631) and an Australian Research Council Federation Fellowship to M.B.R. There is no financial or other potential conflict of interest. Transcript sequences for tammar and platypus DDX4 have been submitted to GenBank (GenBank accession numbers HQ412806, HQ412808, HQ412807, and HQ412807). DDX4 is present in the germ cells of both sexes, its function differs.
Our knowledge of the function and control of DDX4 in mammals is limited mainly to the mouse [17] [18] [19] . DDX4 has been characterized in a small number of other mammals, including human [20, 21] , rat [22] , cow [23, 24] , pig [25] , and one marsupial, the brushtail possum Trichosurus vulpecula [26] . However, there is no information on the distribution of DDX4 protein during gametogenesis in marsupials, and nothing is known about DDX4 in monotremes. Marsupial and eutherian mammals diverged from each other ;148 million years ago (MYA), and these two groups diverged from monotreme mammals ;166 MYA [27] . A comparison of the signals and genes involved in germ cell development between these three extant mammalian groups will provide information about the conserved elements of germ cell development across all mammals.
In the tammar wallaby (Macropus eugenii), the primordial germ cells (PGCs) are large and readily identifiable [28] . The first PGCs enter the gonadal ridges on Days 20-21 of the 26.5-day gestation, and their migration is largely complete 1 day before birth [29] . Marsupials give birth to altricial young that complete their development while in the pouch. Germ cell development in the tammar is also delayed compared to eutherians, and germ cells continue to proliferate after birth [30] . In contrast to mouse and human, the number of germ cells in the tammar peaks at approximately Day 40 postpartum (pp). Female tammar germ cells start entering meiosis from Day 25 pp, and by Day 50 pp, approximately half the germ cells are in meiosis [30] . Female tammars enter puberty at around 10 mo after birth [31] , and males enter between 19 and 25 mo of age [32] .
Spermatogenesis in the platypus (Ornithorhynchus anatinus) occurs seasonally. At the onset of the breeding season, the tubules develop lumina, and the spermatogonia divide to produce primary spermatocytes. Spermatogenesis stages are similar to those in other mammals, but the resulting spermatozoa with their coiled heads and bundled arrangement bear little resemblance to eutherian spermatozoa, instead resembling spermatozoa from birds and reptiles [33, 34] .
In this study, we characterized DDX4 from the tammar and the platypus. We examined the expression of DDX4 transcripts and distribution of DDX4 protein during gametogenesis in the tammar and during spermatogenesis in the platypus. In addition, we used in silico analyses to investigate whether motifs and regulatory elements implicated in the control of Ddx4 expression in the mouse were also present in marsupials and monotremes.
MATERIALS AND METHODS

Animals
Tammar samples were collected from animals shot on Kangaroo Island, South Australia, or from captive animals from a colony maintained by the University of Melbourne. Conceptus collection was performed as described previously [35] , and embryos and fetuses were staged according to Table 1 . Samples up to and including the early somite stage were frozen whole. Midsomitogenesis-stage embryos with their adjoining vascular (trilaminar) yolk sac were separated from their avascular (bilaminar) yolk sac, and the two regions were frozen separately. All later stages were divided into embryo or fetus, vascular yolk sac placenta, and avascular yolk sac placenta, and each region was frozen separately. For later fetuses (1 or 2 days before birth), gonads were dissected out, and one was frozen and the other fixed in 4% paraformaldehyde (PFA). Pouch young (PY) gonads were collected from colony animals [35] and frozen in liquid nitrogen or fixed in 4% PFA. Platypus tissues were collected from wild-caught animals, and testes were also collected from a juvenile male echidna. All tissues were collected under appropriate permits, each experiment was approved by the University of Melbourne Animal Experimentation Ethics Committees, and all animal handling and husbandry were in accordance with the National Health and Medical Research Council of Australia (2004) guidelines.
RNA Extraction and Reverse Transcription
Total RNA was extracted from early tammar conceptuses (zygotes, cleavage stages, and blastocysts) using the RNeasy Plus Micro RNA extraction kit from Qiagen. Complementary DNA was reverse transcribed from 0.7 ll of total RNA from each sample using the SMARTer PCR cDNA Synthesis kit (Clontech Laboratories).
Total RNA from tammar perigastrulation stages and fetal and PY gonads was extracted using the GenElute Mammalian Total RNA Miniprep kit (Sigma-Aldrich), and total RNA from adult tammar and platypus tissues was extracted using Tri Reagent (Ambion). For tammar tissues, RNA was reverse transcribed into cDNA using SuperScript III (Invitrogen) with an oligo-d(T) 17 primer. For the perigastrulation stage conceptuses and adult tammar samples, a total of 40 ng of RNA template per sample were used to produce a total volume of 20 ll of cDNA. The fetal and PY gonadal cDNA samples were produced for other projects, and the amount of RNA template used for cDNA The primers tF1 and tR1 (Table 2 and Supplemental Fig. S1 ; all Supplemental Data are available online at www.biolreprod.org) were used to amplify the 5 0 region of tammar DDX4 from adult testis cDNA. Three prime RACE was used to amplify the remainder of the gene, using the SMART RACE cDNA amplification kit (Clontech). First-strand cDNA was synthesized from 300 lg of total RNA from adult tammar testis according to the kit's protocol. Second-strand synthesis used CDS III/3 0 and tRACEF1 primers for a hot-start PCR with an initial denaturing step of 958C for 2 min, followed by 35 cycles of 958C for 30 sec, 578C for 30 sec, 728C for 2 min, 30 sec, followed by a final step of 10 min of annealing at 728C. The resulting product was then used as template for a nested hot-start PCR using CDS III/3 0 and tRACEF2 primers. The program was similar to the previous PCR, but the annealing temperature used was 568C, and the extension time was 2 min. In all cases, PCR products were cloned using the pGEM-T Easy vector (Promega) and sequenced. For RT-PCR expression studies, 0.5 ll of cDNA template was used per 30 ll of PCR (except for the zygote and cleavage stages, which used 1 ll template/30 ll PCR). The primers tF2 and tR2 were used at a final concentration of 0.5 lM in a mix containing GoTaq Green polymerase (Promega). The PCR parameters were a 2-min denaturation at 948C followed by 30 cycles of 30 sec at 948C, 30 sec at 598C, and 30 sec at 728C. The final step was 5 min at 728C. GAPDH PCR conditions were similar but used an annealing temperature of 608C rather than 598C.
Amplification, Sequencing, and Expression Analysis of Platypus DDX4
A partial sequence for platypus DDX4 (LOC100083112, missing a region corresponding to exons 3-11 from human and mouse DDX4) is available from the NCBI database [36] and was used to design primers (Table 2 ) to amplify the rest of platypus DDX4 by RT-PCR using ExTaq polymerase (Takara Bio. Inc.). PCR products were cloned into the pGEM-T Easy vector (Promega) and then sequenced.
The 3 0 UTR of platypus DDX4 from the UCSC Genome database [37] contains four putative polyA signals. To identify which one was functional, four reverse primers were designed, each just outside a polyA signal. Each of these primers (Table 2 and Supplemental Fig. S2 ) was used in a PCR in conjunction with plastexF.
The expression of DDX4 in platypus adult organs was analyzed by RT-PCR. Complementary DNA derived from various adult organs was used as template for each 25 ll of PCR, using GoTaq polymerase and the pF1 and pR2 primers. The PCR program included a denaturation step at 948C for 2 min followed by 35 cycles of 30 sec at 948C, 30 sec at 598C, and 45 sec at 728C and then a final step of 5 min at 728C. A PCR using primers to tammar 18S ribosomal RNA was used to verify the integrity of the cDNA. For this, an aliquot of each cDNA sample was diluted 1 in 10, and then 0.5 ll of this was used as template for a 30-cycle PCR using the same parameters as for the DDX4 RT-PCR.
Northern Blot
Total RNA was extracted from adult organs using Tri Reagent (Ambion) following the manufacturer's instructions. Ten micrograms of each RNA sample were electrophoresed on a denaturing agarose gel and then transferred overnight onto Hybond þ nylon membrane (Amersham, GE Healthcare Life Sciences). The membrane was prehybridized in prewarmed ULTRAhyb hybridization buffer (Ambion) for 2 h. A tF2 and tR2 PCR product was used as template for the P 32 -labeled probe, which was made using the Megaprime DNA Labelling System (GE Healthcare Life Sciences) following the kit protocol. After overnight incubation with the probe at 428C, the membrane was washed under highstringency conditions and then exposed to X-ray film at À808C.
Western Blot
Protein was extracted from tammar adult tissues by homogenization in RIPA buffer (50 mM Tris base, 150 mM NaCl, 1% NP-40, 0.25% Nadeoxycholate). Thirty micrograms of each sample were electrophoresed in a 10% SDS-PAGE gel and then transferred to a PVDF membrane (Amersham Hybond-P). The membrane was incubated overnight at 48C with either the DDX4 antibody or a negative control. Anti-DDX4 was a rabbit polyclonal antibody raised against a synthetic peptide within residues 700 to the Cterminus of human DDX4 (Abcam, catalog no. ab13840; Sapphire Bioscience). For the negative control, the antibody was preincubated with a 10-fold molar excess (w/v) of the peptide against which it had been raised (ab13841, Abcam) while rocking overnight at 48C. In both instances, the primary antibody was diluted to a final concentration of 0.6 lg/ml in Tris-buffered saline (TBS) with 5% skim milk and 0.1% Triton X-100. The membrane was then incubated for 1 h at room temperature with an HRP-conjugated goat anti-rabbit secondary antibody diluted in TBS with 5% skim milk and 0.1% Triton X-100. Bound antibody was detected with chemiluminescence using the Amersham ECL Western Blotting Detection Reagents kit (GE Healthcare Life Sciences).
To identify two smaller proteins (;55-60 kDa) that were consistently positive for DDX4 in Western blots, 30 lg of adult testis cell lysate in 2 3 SDS loading buffer (100 mM Tris-Cl, pH 6.8, 200 mM dithiothreitol, 4% SDS, 0.2% bromophenol blue, 20% glycerol) were electrophoresed on a 10% acrylamide gel using SDS-PAGE. The region of the lane corresponding to ;55-60 kDa in size was cut out, washed extensively in deionized water, and then sent to the Joint Proteomics Services Facility at the Ludwig Institute for Cancer Research (Melbourne, Australia). Here, it was digested with trypsin (Sigma) and subjected to one-dimensional nano-liquid chromatography/mass spectrometry using a high mass-accuracy Orbitrap mass spectrometer (Thermo Fisher Scientific). The mass spectrometric data was analyzed with Mascot 2.3 (Matrix Science) and searched against the LudwigNR database (www.ludwig.edu.au/ archive/LudwigNR/LudwigNR.pdf), which was appended with the DDX4 sequence. The Mascot results were visualized in Scaffold 3.0.9 (Proteome Software) and validated.
Immunohistochemistry
Tammar fetuses (n ¼ 7) were examined immunohistochemically for DDX4 protein. The earliest stage examined was Day 19 of the 26.5-day gestation, before formation of the gonadal ridges. Later stages were from Day 22 (the time when there is peak migration of germ cells to the gonadal ridges) and Days 24 and 25 (when the majority of germ cells are within the gonads but are still proliferating). Sections of isolated gonads from the latter two stages were also examined. PFA-fixed fetuses and gonads were embedded in paraffin wax, sectioned, and mounted on Superfrost Plus slides. Slides were deparaffinized, rehydrated, and then incubated in 0.1% (v/v) Triton X-100 in TBS (50 mM Tris.HCl, 150 mM NaCl, pH 7.4) for 15 min at room temperature to permeabilize the sections. Sections were then treated with 5% (v/v) H 2 O 2 in dH 2 O for 10 min to block endogenous peroxidase activity, washed in TBS, and 
CCAAGATCCAACTACGAGCTTT CHARACTERIZATION OF MARSUPIAL AND MONOTREME DDX4 then incubated in 0.01 M trisodium citrate buffer, pH 6.0, in a water bath at 978C for 30 min. The slides were removed from heat and left to cool at room temperature for a further 30 min. They were washed in TBS, incubated for 30 min with 10% normal goat serum (NGS) diluted in TBS with 0.1% bovine serum albumin (TBS/BSA), and incubated with either the anti-DDX4 antibody (same as above, diluted to a final concentration of 3.3 lg/ml in TBS/BSA with 10% NGS) or anti-DDX4 preincubated with a fivefold molar excess of DDX4 peptide. Preabsorption of the antibody before immunohistochemical staining using a fivefold molar excess of peptide abolished ;90% of all staining. The remaining faint staining occurred in the same location as with the nonpreabsorbed antibody but was much fainter, suggesting that the antibody was specific but that a fivefold excess of peptide was not sufficient to abolish staining entirely. As a second negative control, some sections were incubated in rabbit IgG diluted to the same final concentration as the primary antibody. After an overnight incubation at 48C, the slides were washed in TBS, incubated with a biotinylated goat anti-rabbit secondary antibody (DAKO) for 30 min at room temperature, washed in TBS again, and then incubated with a streptavidin/HRP complex (DAKO) for 30 min at room temperature. Following more washes in TBS, the sections were incubated with a DAB substrate (DAKO) and counterstained lightly with hematoxylin.
RESULTS
Splice Variants of DDX4 Exist Within All Three Extant Mammalian Groups
The ORF (open reading frame) of tammar DDX4 (GenBank accession no. HQ412806) is 2181 nucleotides long, contains 21 exons, and encodes a protein of 726 amino acids ( Fig. 1 and Supplemental Fig. S1 ). The ORF of platypus DDX4 (GenBank accession no. HQ412808) is 2232 nucleotides long and encodes a protein with 743 amino acids and 22 exons, including an extra exon after exon 3 ( Fig. 1 and Supplemental   Fig. S2 ). This extra exon does not have significant identity to any other known protein as determined by a BLAST search using BLASTn and tBLASTn [36] . The nucleotide sequence identity levels within both the ORF and the 3 0 UTR (untranslated region) of DDX4 are very high both within and between eutherian and marsupial species but are somewhat lower between monotremes and eutherians or marsupials (Table 3 and Supplemental Fig. S3 ).
Protein sequence conservation is higher within the two main domains of DDX4-Domain I (DEADc domain, encoded by exons [13] [14] [15] [16] [17] and Domain II (HELICc domain, encoded by exons 17-19) than in the N or C terminal regions (Fig. 1) . One tammar DDX4 clone (GenBank accession no. HQ412807) lacks exon 4, and one platypus clone (GenBank accession no. HQ412809) lacks exon 5 (Fig. 2) . Primers flanking tammar DDX4 exon 4 (tEx3F and tEx6R) and platypus DDX4 exon 3b (pEx2F and pEx4R) and exon 5 (pEx2F and pEx7R; Table 2) were used to check which transcripts (full length or spliced) are the predominant form expressed. In adult tammar testis, both transcripts are expressed, but the full-length transcript is expressed more strongly (Supplemental Fig. S4 ). In contrast, only the full-length transcript is expressed in a Day 47 pp PY ovary. The adult platypus expresses mainly the full-length transcript, although very low levels of transcripts missing either exon 3b, exon 5, or both exon 3b and exon 5 are also expressed (Supplemental Fig. S4 ). Within the two main domains of DDX4, there are orthologous exons in all vertebrates, whereas several vertebrates lack orthologous exons within the Nterminal region (Fig. 2) . 
Marsupial and Monotreme
0 UTR. The use of two alternative polyA signals is further supported by the presence of two bands, both close to 2.6 kb in size, in a Northern blot for tammar DDX4 (Fig. 3A) . The 3 0 UTR of platypus DDX4 contains four putative polyA signals (Supplemental Fig. S2 ). RT-PCR using a reverse primer (p3UTR1), located between the third and fourth polyA motifs (Supplemental Fig. S2 ), indicates that the fourth motif is functional.
Elements Controlling DDX4 Expression in Eutherians Are Conserved in Marsupials and Monotremes
The transcription start site of marsupial or monotreme DDX4 has not been defined. However, by aligning genomic DNA sequences obtained from the UCSC Genome Browser [37] for human, mouse, opossum, and platypus DDX4
0 of the first exon to the end of the second exon) using MULAN [38] , putative approximate promoter regions for opossum and platypus were identified on the basis of sequence similarity to the known core promoter region of human DDX4 [39] . In all four species, the promoter region is within an area identified by EMBOSS CpGPlot [40] as a CpG island.
To identify any conserved regions that may represent possible control mechanisms for DDX4, genomic sequence for DDX4 (including 5 kb upstream and 3 kb downstream) for mouse (mm9: R: chr13:113,386,100-113,447,000), human (hg19: R: chr5:55065225-55151162), and opossum (monDom5: R: chr3:18213821-18280440) was obtained from the UCSC Genome Browser [37] and aligned using MULAN [38] . The only regions well conserved between eutherians and marsupials are the coding regions and the 5 0 and 3 0 UTRs. A search for putative transcription factor binding sites (TFBS) using MULTITF (accessed through MULAN [38] ) revealed numerous sites in the promoter region but not in upstream regions or in introns. Putative TFBS for p53, VMYB, and POU1F1 were identified in the 3 0 UTR, although these sites are poorly conserved in the 3 0 UTR of platypus DDX4. Tammar and platypus DDX4 contain several copies of the motif RGG, which has a dual role as an RNA binding motif and also as a site of arginine methylation, as well as two additional dimethylation of arginine motifs (Supplemental Figs. S1 and S2). The 3 0 UTR in tammar, opossum, and platypus DDX4 each contain one copy of two DAZL binding motifs, TTCTT and TTGTT (Supplemental Fig. S3 ).
Tammar DDX4 Undergoes Posttranslational Modification to Produce DDX4 Isoforms
To verify the specificity of the DDX4 antibody, a Western blot was performed (Fig. 3B) . A sample of tammar adult testis lysate yielded several bands positive for DDX4: two bands of approximately 80 and 77 kDa, respectively; two bands of ;55-60 kDa; and a faint band at ;35 kDa (Fig. 3B) . The 80-and 77-kDa bands match the predicted molecular weight of the translated tammar DDX4 full-length transcript (79.6 kDa) and the transcript lacking exon 4 (76.8 kDa), respectively. The bands at ;55-60 kDa were repeatedly detected in different conserved between all vertebrates listed and are not depicted individually. All mammals depicted in this figure have at least two alternative splice forms of DDX4: a full-length transcript and a transcript missing an N-terminal exon (spliced exons are marked by an asterisk above the exon). In humans, one splice form lacks exon 6, and another lacks exon 7. Frog sequence for ddx4 was obtained from Xenopus laevis, but exon boundaries are based on those annotated for Xenopus tropicalis. Sequences were based on the following: mouse NP_001139357, NP_034159; human NP_077726, NP_001136021, NP_001160005; chicken NP_990039; lizard ENSACAP00000014735; frog NP_001081728; and zebrafish NP_571132.
CHARACTERIZATION OF MARSUPIAL AND MONOTREME DDX4
DDX4 Western blots and so were isolated for identification by liquid chromatography/mass spectrometry (LC-MS). Blasting of the results from LC-MS against the LudwigNR database (www.ludwig.edu.au/archive/LudwigNR/LudwigNR.pdf) identified these bands as DDX4 isoforms (Mascot score ¼ 49-67). The exact sequences of these proteins are unknown, although the two distinct bands in the Western blot (Fig. 3B) indicate the presence of at least two smaller DDX4 isoforms of ;55-60 kDa. This indicates that tammar DDX4 undergoes both pre-and posttranslation modifications to produce at least four DDX4 isoforms. Adult mouse testis also appears to contain these smaller DDX4 isoforms (Fig. 3B) . Similar results to those obtained in the tammar adult testis were also observed in the Day 64 pp ovary sample, whereas no bands were present in the untreated adult ovary, and only a very faint band at ;80 kDa was seen in the immunprecipitated ovary. The two strong bands in the latter sample are also present in the negative control membrane, which was probed with DDX4 antibody preabsorbed with a 10-fold molar excess of DDX4 peptide (Fig. 3C) , and they represent detection of the heavy and light IgG chains of the primary antibody by the secondary antibody as a result of the immunoprecipitation protocol. The identity of the band of ;35 kDa observed in tammar testis and ovary is unknown. No DDX4-positive products were detected in tammar somatic tissues.
Prenatal Expression of Tammar DDX4 Is Limited to the 16-32-Cell Stage
During prenatal tammar development, DDX4 mRNA expression was only detected in two early blastocysts, both at the 16-to 32-cell stage, before the blastocyst has entered diapause (Fig. 4A) . No germ cells positive for DDX4 protein were present at any stage of fetal development (Fig. 5) , although numerous SSEA-1-positive germ cells were observed.
DDX4 Protein Is Present in Tammar Female Germ Cells During All Stages of Postnatal Oogenesis
Tammar ovaries express DDX4 mRNA from Day 10 pp, although levels are very low to undetectable in the adult ovary (Figs. 3A and 4 , B and C). The first female germ cells containing DDX4 protein are observed on the day of birth, when a small number of germ cells exhibit pale staining for DDX4 (Fig. 6A) . By 7-10 days after birth, the number of germ cells containing DDX4 has increased. DDX4 is present in oogonia and oocytes at all stages of oogenesis (Fig. 6) , right through to oocytes within Graffian follicles (not shown). In oocytes within primordial, primary, and secondary follicles, protein is present within the entire cytoplasm, but in oocytes within antral follicles, the protein tends to be more concentrated towards (but not restricted to) the outer perimeter of the oocyte. In some but not all oocytes within primary follicles, much of the DDX4 protein is localized to a compact perinuclear body (Fig. 6G) . 
DDX4 Expression and Distribution During Spermatogenesis Is Conserved Between Eutherians, Marsupials, and Monotremes
Tammar testes express DDX4 mRNA from day 10 pp, and expression levels are very high in the adult testis (Fig. 4, A-C) . Small numbers of germ cells contain DDX4 protein on the day of birth, and virtually all germ cells contain DDX4 by Day 20 pp (Fig. 7) . In the adult testis, spermatocytes at later stages of development have one to three dense perinuclear granules containing DDX4 (Fig. 7D) . Round spermatids contain small amounts of cytoplasmic DDX4, but spermatozoa are negative for DDX4.
In the juvenile echidna, all germ cells have cytoplasmic DDX4 protein (Fig. 8A) . In the adult platypus, spermatogonia are only weakly DDX4 positive, but staining intensity increases markedly in spermatocytes, which have cytoplasmic staining with one to four very distinct, darkly stained perinuclear granules (Fig. 8C) . Round spermatids have similar staining, but elongating spermatids and spermatozoa do not contain DDX4.
DISCUSSION
This is the first study to characterize DDX4 from a monotreme, the platypus, and the first description of the distribution of DDX4 protein during pre-and postnatal development in a marsupial, the tammar wallaby. The sequence of DDX4, its distribution, and the regulatory elements controlling its expression during gametogenesis are similar in all three mammalian groups.
DDX4 Is Absent in Germ Cells During Marsupial Prenatal Development
Tammar germ cells do not contain DDX4 protein until after birth. This suggests that, as for eutherians, germ cell specification in marsupials may be regulative rather than determinative, although confirmation of regulative specification in marsupials requires more analysis. The only prenatal expression of tammar DDX4 was in the newly formed blastocyst (16-to 32-cell) stage. While its precise function at this stage is unknown, it is consistent with mouse EST data that show that levels of Ddx4 transcripts in the egg cylinder are comparable to that in the adult ovary [41] . Together, these data suggest an additional conserved role for DDX4 in the early mammalian embryo.
DDX4 Distribution During Marsupial Oogenesis Is More Similar to Human Than Mouse
The timing of DDX4 expression relative to the stage of oocyte development is very similar between eutherians and FIG. 4. DDX4 expression is restricted during pre-and postnatal development in the tammar. RT-PCR for DDX4 expression. A) Stages of tammar development examined included the zygote, cleavage, blastocyst formation, both seasonal and lactational diapause, gastrulation, and fetal development, but the only evidence for DDX4 expression was from two 16-to 32-cell early blastocysts. Staging is according to the description in Table 1 . Adult testis was used as a positive control. B) In the tammar, there was no expression detected at Day 23 of pregnancy (3 days before birth) or at Day 25 (the day before birth). DDX4 was first expressed at very low levels from Day 10 pp in both sexes. C) In the adult tammar, DDX4 mRNA was detected by RT-PCR in the testis but not in any other organ. D) In the adult platypus, DDX4 mRNA was readily detectable by RT-PCR in the testis. It was also detected (at lower levels) in the brain, gut, heart, kidney, and lung. No ovary sample was available for testing. NTC, no template control; emb, embryo; YS, yolk sac; TYS, trilaminar yolk sac; BYS, bilaminar yolk sac; d, day (prenatal); D, day (postnatal). CHARACTERIZATION OF MARSUPIAL AND MONOTREME DDX4 marsupials. DDX4 protein is first present at low levels in oogonia after the onset of mitosis in both human [20, 42] and mouse [17, 19] , and by the onset of meiosis, oocytes contain high levels of DDX4. In the tammar, meiosis starts from Day 25 pp [30] , and by this stage, oocytes stain darkly for DDX4. However, there are some differences in the distribution of DDX4 in female germ cells between different mammalian species, and generally the distribution of DDX4 in the tammar is more similar to that of human than of mouse. Like human and mouse, tammar oogonia and oocytes within primordial and primary follicles contain cytoplasmic DDX4 protein. In some oocytes, this protein is concentrated within a distinct, compact perinuclear body. Such localization occurs in human [20, 21] but not mouse [18] oocytes, and the positive structure is thought to represent the Balbiani body [21] . In both tammar and human, localization of DDX4 in this structure is lost by the antral follicle stage. DDX4 persists within oocytes in antral follicles in the tammar, human [20] , and pig [25] but not the mouse [18] . The low levels of DDX4 expression in the tammar adult ovary appear to contradict the apparent abundance of DDX4 protein, but expression of DDX4 in adult mouse and human ovaries is also very low; in both species, Northern blot detects abundant transcript in the adult testis but none in the ovary [17, 20] , similar to the results presented in this article. DDX4 was detectable in tammar adult ovary by RT-PCR after 35 cycles but not after 30 cycles. It is also likely that the ratio of oocytes to somatic tissue in the adult ovary cell lysate sample was too low to allow detection of the DDX4 protein by Western blot. This idea is supported by the very faint band present in the immunoprecipitated adult ovary sample and by the strong positive reaction for the Day 64 pp ovary, which has a much higher ratio of germ cells to somatic cells.
DDX4 Distribution During Spermatogenesis Is Highly Conserved Between Eutherians, Marsupials, and Monotremes
The distribution of DDX4 protein in the juvenile testis was very similar between eutherians, marsupials and monotremes. In the developing testis of humans [43] , the marmoset [44] , and the mouse [17] , up-regulation of DDX4 protein coincides with the transition from gonocytes to prospermatogonia. This appeared to be the case for the tammar too, in which there is a gradual transition from gonocytes to prospermatogonia from Day 20 pp (G. Shaw and M.B. Renfree, unpublished data), by 740 which stage most germ cells were DDX4 positive. In adult testes, the spatial distribution of DDX4 in both tammar and platypus was almost identical to that in the human [20] and mouse [18] . In all four species, spermatogonia contain little or no DDX4 protein, whereas spermatocytes and round spermatids have numerous granules containing DDX4 protein that are not present on spermatid elongation. The granular staining in spermatocytes was particularly marked in the platypus. In mice, the DDX4-positive granules represent chromatoid bodies [18, 19] , which are components of nuage, an electron-dense material found in the germ cells of both sexes in many mammalian species [45] . The biological role of nuage is unknown, although a recent study that examined the distribution of DDX4 within granules during rodent spermatogenesis concluded that the formation of nuage is discontinuous between spermatocytes and spermatids [46] .
Motifs Implicated in DDX4 Control in the Mouse Are Conserved in Marsupials and Monotremes
The 3
0 UTR has been implicated in several aspects of DDX4 expression in different species. In the amphipod crustacean P. hawaiensis, and some teleost fish (including the zebrafish and carp), particular regions within the 3 0 UTR are responsible for the localization and stabilization of vasa transcripts in germ cells [11, 47] . In the mouse, translation of Ddx4 is at least partly controlled by the binding of an RNA binding protein, DAZL, to its 3 0 UTR. DAZL is a germ cell-specific RNA binding protein required for the differentiation and maturation of germ cells [48] . The 3 0 UTR of mouse Ddx4 contains five putative Dazl binding sites (TTCTT) that have been evolutionarily conserved between the human, mouse, and rat [49] . Adult mice null for Dazl lack gametes; in both sexes, the germ cells proliferate normally by mitosis but then encounter a block in meiotic prophase I somewhere between leptotene and zygotene [50, 51] . These defects are similar to those observed in male mice lacking Ddx4, which also have a block in meiotic prophase from the leptotene to the zygotene stage [16] . Dazl stimulates the translation of Ddx4 within Xenopus oocytes in a translation assay and has a similar function in the mouse in vivo, as Dazl null mutant mice have significantly reduced levels of DDX4 protein [49] . The 3 0 UTR of DDX4 from the tammar, opossum, and platypus have at least one copy of both the motifs TTCTT and TTGTT, to which mouse DAZL has been shown to bind in vivo and in vitro [49, 52] . Platypus and tammar DDX4 3 0 UTR also contains an alternative putative DAZL-binding motif (TTTTGTTT) previously found only in the mouse [49] . The position of only some of these motifs within the 3 0 UTR is conserved between mouse, marsupials, and monotremes, but these data suggest that DAZL controls the translation of DDX4 in all mammals. In addition, there are other regions of the 3 0 UTR of DDX4 that are conserved between all extant mammalian groups, and it is possible that they bind as-yet-unidentified RNA-binding molecules.
DDX4 Has Splice Variants and Different Posttranslationally Modified Protein Isoforms in Mammals
Although the lack of conservation within the N-terminal region of DDX4 between different animal phyla has long been recognized, this study is the first to describe the differential splicing of exons within this region in multiple mammalian species. The tammar, mouse, rat, human, and platypus all have at least one expressed splice variant that lacks an exon within the N-terminal region. The published sequence for another marsupial, the brushtail possum, lacks exon 4 [26] , the same exon missing in the tammar shorter-splice variant. Four transcripts of human DDX4 have been verified in the NCBI database. Of these, one encodes the full-length protein, two are missing exons 6 or exon 7, and the last one uses an alternative internal promoter site, resulting in a novel first exon and a different N terminus. Mouse and rat Ddx4 transcript variants lack exon 3. Alternative splicing forms that lack different exons within the N-terminal region are also present in the zebrafish. Most of the seven zebrafish splice variants were amplified from cDNA of mixed samples from ovary, testis, and embryos, although at least two splice variants were isolated only from a testis or embryo sample [53] . In the tammar and platypus, both DDX4 splice variants were identified in the adult testis (although in both species the full-length transcript is the predominant one), so the function of alternative splicing in mammalian DDX4 remains unknown. Of additional interest is the extra exon (Exon 3b) in platypus. This exon is not present in DDX4 from any other species. The lack of sequence conservation suggests that if the N-terminal region plays a specific role in DDX4 regulation, it appears to be species specific. 
CHARACTERIZATION OF MARSUPIAL AND MONOTREME DDX4
This study has also identified different DDX4 isoforms arising from both pre-and posttranslational modifications. Tammar adult testis sample in a Western blot yielded at least four distinct bands: one corresponding to the translation of the full-length DDX4 transcript, another to the transcript lacking exon 4, and two smaller isoforms that have been verified as DDX4. In the pig, a smaller (i.e., not full-length) DDX4 protein appears to be present in the ovary and testis because a Western blot produced a single band of approximately 60 kDa [25] , but the predicted molecular weight of porcine DDX4 is 78.8 kDa.
Mammalian DDX4 Transcripts Have Multiple Polyadenylation Motifs
The 3 0 UTR of mouse, human, tammar, platypus, opossum, and brushtail possum [26] DDX4 all contain more than one polyA signal. Alternative polyadenylation can influence the localization, stability, and transport of transcripts [54] . Zebrafish vasa is also alternatively polyadenylated, with at least three polyA sites identified by 3 0 RACE on adult testis and ovary cDNA [53] , and there is evidence for both sex-and stagespecific use of these different isoforms. For the tammar and platypus, however, both polyadenylated transcripts were identified from adult testis, and stage-or sex-specific differences in the use of the different polyA signals require further investigation.
Sites of Methylation of DDX4 Are Conserved Between All Mammals
Both the 5 0 and 3 0 regions of DDX4 have roles in controlling the expression, localization, transcription, translation, or stabilization of DDX4 transcripts in various metazoans [2] . At least some mechanisms implicated in controlling the expression of DDX4 in eutherians also appear to be conserved between marsupials and monotremes. Tissue-specific differentially methylated regions (TDMRs) have been identified within CpG islands in the promoters of both mouse and human DDX4, and these may be responsible for the germ cell-specific expression of DDX4. Hypomethylation of the DDX4 TDMR occurs in the testis, whereas in all other tissues, the DDX4 TDMR is methylated [55] , and therefore DDX4 is not expressed. Interestingly, some human males with idiopathic azoospermia or severe oligospermia have abnormally high methylation rates of the DDX4 TDMR, implicating DDX4 in the control of meiosis in humans [55, 56] . Based on sequence similarity to the promoters of human [39] and mouse, both tammar and platypus DDX4 promoters have CpG islands encompassing at least part of their promoter regions. Furthermore, the lack of sequence conservation outside coding regions or the core promoter between eutherian and marsupial DDX4 and the relatively poor sequence conservation of the 3 0 UTR of platypus DDX4 compared to eutherians and marsupials suggest that in mammals, the core promoter of DDX4 may be fully responsible for germ cell-specific expression.
Another aspect of DDX4 regulation apparently conserved between eutherians, marsupials, and monotremes is arginine methylation. Arginine methylation of vasa/DDX4 occurs in Xenopus, Drosophila, and the mouse [57] and is an important posttranslational protein modification essential for germ line development. Symmetric dimethylation of arginine (sDMA) occurs within motifs containing an arginine residue flanked by either alanine and arginine residues (GRA or ARG) or two glycine residues (GRG). Asymmetric dimethylation of arginine residues (aDMA) occurs within repeating RGG sequences. Once methylated, the arginine residues then bind to Tudor domains of proteins and regulate protein-protein interactions [58] . Many of the sDMA and aDMA motifs in DDX4 have been conserved in the tammar, opossum, and platypus, although the exact functional consequences of arginine methylation of DDX4 in mammals have yet to be defined.
Together, these data suggest that DDX4 is as important in the tammar and the platypus for germ cell proliferation and differentiation as it is in the mouse. We have identified both multiple splice variants and alternatively polyadenylated forms of DDX4 that may represent an alternative mechanism by which DDX4 expression or function is controlled in mammals. Several factors required for the regulation of eutherian DDX4 are also conserved in marsupials and monotremes, suggesting that both the roles and the mechanisms controlling DDX4 expression are conserved in all mammals.
